A new route to cationic complexes of Mg, Ca, Sr and Ba with 18-membered ring O 4 S 2 , O 4 Se 2 and O 2 S 4 donor macrocycles from metal acetonitrile complexes with weakly coordinating [BAr F ] − anions is described. The precursors used were [M(MeCN) x ][BAr F ] 2 (M = Mg, x = 6; M = Ca, x = 8) and [M'(acacH)(MeCN) 5 ][BAr F ] 2 (M' = Sr or Ba). Reaction of these with the heterocrowns, [18]aneO 4 S 2 (1,4,10,13tetraoxa-7,16-dithiacyclooctadecane), [18]aneO 4 Se 2 (1,4,10,13-tetraoxa-7,16-diselenacyclooctadecane) or [18]aneO 2 S 4 (1,10-dioxa-4,7,13,16-tetrathiacyclooctadecane) in anhydrous CH 2 Cl 2 solution gave [M(heterocrown)(MeCN) 2 ][BAr F ] 2 for M = Mg, Ca or Sr, whilst the larger Ba forms [Ba(heterocrown)(acacH)-(MeCN)][BAr F ] 2 . The complexes have been characterised by microanalysis, IR, 1 H and 13 C{ 1 H} NMR spectroscopy. X-ray crystal structures are reported for [Ca([18]aneO 2 S 4 )(MeCN) 2 ][BAr F ] 2 , [Ca([18]aneO 4 Se 2 )-(MeCN) 2 ][BAr F ] 2 , [Sr([18]aneO 4 S 2 )(MeCN) 2 ][BAr F ] 2 , and [Sr([18]aneO 4 Se 2 )(MeCN) 2 ][BAr F ] 2 which contain 8-coordinate metal centres with trans-nitrile ligands and κ 6 -heterocrowns, and for the 9-coordinate [Ba([18]aneO 4 Se 2 )(acacH)(MeCN)][BAr F ] 2 . Adventitious hydrolysis of the magnesium complexes in solution results in six-coordinate complexes, [Mg(κ 3 -[18]aneO 4 Se 2 )(OH 2 ) 2 (MeCN)][BAr F ] 2 and [Mg(κ 3 -[18]aneO 4 S 2 )-(OH 2 ) 2 (MeCN)][BAr F ] 2 , whose structures were determined. X-ray crystal structures are also reported for [Mg(MeCN) 6 ][BAr F ] 2 , [M(MeCN) 8 ][BAr F ] 2 (M = Ca, Sr) and [Ca(18-crown-6)(MeCN) 2 ][BAr F ] 2 . † Electronic supplementary information (ESI) available: X-ray data on [Sr (MeCN) 8 ][BAr F ] 2 and [Ca(18-crown-6)(MeCN) 2 ][BAr F ] 2 .
Introduction
The chemistries of the heavier alkaline earth metals (Ca, Sr and Ba) are dominated by the hard M 2+ cations and their salts with oxo-anions or halides. 1 Barium and strontium salts have niche applications, for example BaSO 4 in the oil industry and medicine, but the key importance is of calcium salts, which range from engineering and construction (CaCO 3 , CaSO 4 , Ca(OH) 2 ) to apatite in mammalian bones and CaCO 3 in corals and shells. For many years their coordination chemistry with neutral ligands was very limited and the organometallic chemistry among the most restricted in the main group. [1] [2] [3] However, the last 20 years have seen the development of the coordination chemistry with both charged and neutral oxygen and nitrogen ligands, 4 and despite the synthetic challenges and high reactivities, of a significant organometallic chemistry. 5 The coordination chemistry of magnesium is more familiar, not least because of the importance of chlorophyll and chlorophyll model compounds, 4 while Grignard reagents have been known for over 100 years. 6 Despite these recent developments, the synthesis of complexes of these elements retains significant challenges, not least the lability of the metal centres, which often results in unpredicted products or mixtures, even in apparently simple systems. 7 We have recently been exploring the use of weakly coordinating fluorinated tetraarylborate anions, such as [B{3,5-(CF 3 ) 2 C 6 H 3 } 4 ] − (hereafter BAr F ) to obtain unusual complexes of the Group 1 metal ions, including the synthesis of homoleptic neutral diphosphine complexes of lithium and sodium, [M(L-L) 3 ][BAr F ] (M = Li or Na; L-L = Me 2 PCH 2 CH 2 PMe 2 or o-C 6 H 4 (PMe 2 ) 2 ), 8 the homoleptic octathioether complex of sodium, [Na( [24] aneS 8 )][BAr F ] ( [24] aneS 8 = 1,4,7,10,13,16,19,22- octathiacyclotetracosane), 9 complexes of Li-Cs of N 3 -, N 4 -and N 6 -donor azamacrocycles, 10 and with the heterocrowns, [18] aneO 2 S 4 (1,10-dioxa-4,7,13,16-tetrathiacyclooctadecane), [18] aneO 4 S 2 (1,4,10,13-tetraoxa-7,16dithiacyclooctadecane) and [18] aneO 4 Se 2 (1,4,10,13-tetraoxa-7,16-diselenacyclooctadecane) . 11 These contain rare coordination of the neutral sulfur or selenium donors to the alkali metal centre. Heterocrowns containing S-or Se-donor atoms have an extensive chemistry with d-and p-block metals, 12 but examples with the s-block elements are few. In addition to the Group 13 The complex [Ca(ClO 4 ) 2 ([18]aneO 4 S 2 )], 14 the lamellar polymer [Ba{Cu(SCN) 3 ([18] -aneO 4 S 2 )}], 15 and [Mg(R-benzo [18] aneO 4 S 2 )] 16 (R-benzo [18] -aneO 4 S 2 = R-benzo-substituted [18] aneO 4 S 2 ) are also known. The present paper describes the synthesis, structures and spectroscopic properties of complexes of [18] aneO 4 
Experimental
All preparations were carried out under a dry dinitrogen atmosphere using standard Schlenk and glove box techniques. Anhydrous MgI 2 , CaI 2 , SrI 2 and BaI 2 were purchased from Sigma and used as received. Anhydrous [Sr(acac) 2 ] was prepared by dehydrating commercial [Sr(acac) 2 (H 2 O) 2 ] (Sigma): the hydrate was suspended in CH 2 Cl 2 over 4 Å molecular sieves and stirred gently for 2 weeks, then the suspension was decanted away and concentrated to dryness. [Ba(acac) 2 ] was synthesized by reacting BaI 2 and K(acac) in a 1 : 2 molar ratio in MeCN followed by extraction of KI with anhydrous acetone. Na[BAr F ] and [H(OEt 2 ) 2 ][BAr F ] were synthesized using Brookhart's procedure. 17 18-Crown-6 was purchased from Sigma and dried using SOCl 2 and the macrocycles [18] aneO 4 S 2 , [18]aneO 2 S 4 and [18]aneO 4 Se 2 were synthesized using literature procedures. 18 CH 2 Cl 2 and MeCN were dried by distillation from CaH 2 and n-hexane distilled from Na/K alloy. 1 H and 13 C{ 1 H} NMR spectra were recorded in CD 2 Cl 2 solution at 298 K using a Bruker AV II-400 spectrometer and are referenced to the residual CH 2 Cl 2 resonance. IR spectra were recorded as mulls between CsI plates using a Perkin-Elmer Spectrum 100 spectrometer over the range 4000-200 cm −1 . Microanalyses were undertaken at London Metropolitan University.
X-ray crystallography
Crystals were obtained as described below. Details of the crystallographic data collection and refinement are in Table 1 . Diffractometer: Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum rotating anode generator (λ 1 = 0.71073 Å) with VHF Varimax optics (70 or 110 µm focus). Cell determination and data collection: Crystal-Clear-SM Expert 3.1 b27, data reduction, cell refinement, and absorption correction: CrystalClear-SM Expert 2.1. 19 Structure solution and refinement were carried out using WinGX and software packages within. 20 Disorder in the CF 3 groups of the [BAr F ] − anions was present in all of the structures, which is often observed in compounds containing [BAr F ] − , 10, 11 and this was satisfactorily modelled using DFIX, DANG, ISOR, DELU, and SIMU restraints. Positional disorder was also present in the macrocycle ligands and was modelled similarly. The dataset for [Ca( [18] aneO 4 S 2 )(bipy)][BAr F ] 2 was collected from a poor-quality crystal which was very weakly diffracting at high angles, thus leading to very high R int values. Repeated attempts at recrystallization of the sample failed to afford better quality crystals. A large amount of residual electron density was located ∼1.05 Å from an Se atom in [Ba( [18] aneO 4 Se 2 )(acacH)-(MeCN)][BAr F ] 2 which could not be satisfactorily modelled as either disordered Se or disordered carbon. H-atoms were placed in geometrically-assigned positions with C-H distances of 0.95 Å (CH), 0.98 Å (CH 3 ) or 0.99 Å (CH 2 ) and refined using a riding model with U iso (H) = 1.2U eq (C) (CH, CH 2 ) or 1.5U eq (C) (CH 3 ). enCIFer was used to prepare material for publication. 21 13 [Ca(MeCN) 8 ][BAr F ] 2 . A mixture of CaI 2 (0.25 g, 0.85 mmol) and Na[BAr F ] (1.50 g, 1.69 mmol) were dissolved in MeCN (10 mL) and stirred for 24 h, affording a yellow solution. Solvents were removed, the residue extracted with Et 2 O (20 mL), filtered and dried in vacuo. The solid was redissolved in MeCN (5 mL), stirred for 30 min and then concentrated to dryness again. The resulting solid was dissolved in CH 2 Cl 2 (10 mL) and n-hexane (100 mL) was added to precipitate an off-white solid. Yield: 1.06 g, 70%. Crystals were grown by layering a concentrated CH 2 Cl 2 solution with n-hexane. Attempts to obtain accurate elemental analyses failed due to ready loss of MeCN ligands on drying. Samples sent for elemental analysis were consistent with between five and six MeCN ligands coordinated to calcium. The composition with eight MeCN ligands comes from the X-ray structure. 1 Common items:
added via a cannula. Most of the solids dissolved and the reaction was stirred for 16 h. After this time solvents were removed and the resulting white solid extracted into CH 2 Cl 2 (2 × 30 mL). The extracts were combined and concentrated to ∼5 mL, then n-hexane (30 mL) was added to precipitate a white solid which was isolated by decanting away the supernatant and drying in vacuo. Yield: 0.45 g, 85%. 1 
General method for complex synthesis
The Group 2 [BAr F ] salt was suspended in CH 2 Cl 2 (5 mL) and a solution of the macrocycle in CH 2 Cl 2 (5 mL) was added. Complete dissolution occurred and the reaction was stirred for 16 h. After this time the solution was filtered, concentrated to ∼3 mL and layered with n-hexane (20 mL) to form crystals. These were isolated by decanting away the supernatant and drying the solid in vacuo.
[Mg (18- ] 2 (0.030 g, 0.014 mmol) was dissolved in CH 2 Cl 2 (10 mL) and a solution of 2,2′-bipyridyl (0.002 g, 0.014 mmol) in CH 2 Cl 2 (5 mL) was added. The reaction was stirred for 16 h, then concentrated to ∼5 mL and hexane was layered on top. Colourless crystals were produced which were isolated by decanting away the solvent and drying in vacuo. 
Results and discussion

Metal synthons
We initially attempted to prepare the 5 (acacH)][BAr F ] 2 , (M = Sr or Ba) which proved to be readily isolated (Scheme 2). These complexes were characterised by microanalysis, 1 H and 13 C{ 1 H} NMR spectroscopy. Their IR spectra are consistent with coordination of neutral acacH. 22 Colourless, moisture sensitive crystals of [Mg (MeCN) 6 ][BAr F ] 2 were grown from CH 2 Cl 2 /n-hexane, and the X-ray crystal structure showed the expected regular octahedral cation (Fig. 1) 24 In [Mg(MeCN) 6 ][BAr F ] 2 both bands are found at higher frequency (2295, 2321 cm −1 ), consistent with coordination to the metal. Similar patterns were observed for all the complexes in this work, confirming the MeCN is coordinated in all cases.
Extremely moisture sensitive crystals of [Ca(MeCN) 8 ][BAr F ] 2 were grown from CH 2 Cl 2 /n-hexane, but these partially lose MeCN on drying with both microanalysis and integration of the 1 H NMR spectrum showing ∼6 MeCN/Ca in the vacuumdried product. 25 The structure (Fig. 2) The spectroscopic properties of [Sr(MeCN) 8 ][BAr F ] 2 are similar to those of the calcium analogue. A few modest quality crystals of this complex were formed as a by-product from the salt metathesis reaction and also deposited from an MeCN solution of [Sr(MeCN) 5 (acacH)][BAr F ] 2 . The X-ray structure showed them to contain a square antiprismatic cation (see Fig. S1 , ESI †).
The [M(acacH)(MeCN) 5 ][BAr F ] 2 (M = Sr, Ba) proved to be useful synthons for the heterocrown complexes. The IR spectra show coordinated MeCN and acacH, and although X-ray quality crystals were not obtained, they probably contain seven-coordinate metal centres.
Heterocrown complexes
The reaction of [Ca(MeCN) 8 (Fig. 3 ) and 18-crown-6 ( Fig. S2, ESI †) .
For each complex an eight-coordinate Ca 2+ centre sitting in the middle of a hexadentate macrocycle with trans MeCN ligands was observed. Similar structures have been reported for [Ca(18-crown-6)I 2 ], 27 [Ca(18-crown-6)(hmpa) 2 ] 2+ (hmpa = hexamethylphosphoramide) 26 13 contain puckered macrocycles with cis coordinated monodentate ligands. It is probable that the energy difference between the different arrangements is small and the cation geometry may be influenced by intermolecular interactions and crystal packing. Eight coordination, either dodecahedral or square antiprismatic, is relatively common for the heavier alkaline earth metals, 2, 4 and whilst the geometry is readily established for those containing eight monodentate ligands, 28 the distortions resulting with polydentates can make identifying the coordination sphere difficult. Lippard and Russ 29 detailed a method for mathematically distinguishing between the two polyhedra, which required the identification of the plane of best fit which encompassed the metal centre and four of the eight coordinating atoms, then calculating the dihedral angle between this plane and the plane defined by the metal centre and the remaining four coordinating atoms. For an ideal dodecahedron this angle will be 90°whereas for an ideal square antiprism this angle will be 77.4°. A "τ 8 " parameter can be defined as (θ − 77.4)/12.6 where θ is the dihedral angle between the two planes of best fit. A τ 8 value of 0 would correspond to an ideal square antiprismatic geometry and a τ 8 value of 1 would correspond to an ideal dodecahedral geometry, with intermediate values indicating the degree of distortion away from the two ideals. For the [18] aneO 2 S 4 complex the τ 8 parameter is calculated to be 0.29 and for the [18] aneO 4 Se 2 complex the τ 8 parameter is 0.93. This indicates that the latter complex is very close to an ideal dodecahedral geometry, whereas the former is better described as square antiprismatic, but with a high degree of distortion ( Fig. 3(c) and (d) ). This contrasts markedly with the [Ca(heterocrown)I 2 ] complexes where the macrocycle conformation was significantly folded because the iodide ligands bound in a cis manner and the geometry of the complexes was close to square antiprismatic. The [Ca(18-crown-6)(MeCN) 2 ] 2+ dication (Fig. S2, ESI †) has a τ 8 value of 0.90 indicating that it is close to a dodecahedral geometry.
Changes in the macrocyclic coordination geometry do not significantly affect the Ca-S and Ca-Se bond lengths which are very similar between the iodide 13 and MeCN complexes, although there are some slight differences in the Ca-O bond The MeCN ligands can be displaced by neutral donors, for example 2,2′-bipyridyl, which formed [Ca( [18] aneO 4 S 2 )(bipy)]-[BAr F ] 2 . The 1 H and 13 C{ 1 H} NMR spectra contained broad resonances indicative of a dissociating system in CD 2 Cl 2 solution at ambient temperatures, but the identity was confirmed by the X-ray crystal structure (Fig. 4) .
In order to accommodate the bidentate bipy ligand the [18] aneO 4 S 2 coordination becomes puckered, closer to that previously observed for the [Ca(18-aneO 4 S 2 )I 2 ] where the iodide ligands were cis and the geometry is close to dodecahedral, τ 8 (Fig. 5 ). The structures revealed that both complexes adopted 8-coordinate geometries with a hexadentate macrocycle and two trans MeCN ligands. The τ 8 parameter for the [18] aneO 4 S 2 complex was 0.73 and for the [18] aneO 4 Se 2 complex it was 0.89 indicating that distorted dodecahedral is the best description, albeit severely distorted for the former. The Sr-S and Sr-Se bond lengths are very similar to those reported for the 9-coordinate [Sr(macrocycle)(OH 2 ) 3 ]I 2 complexes, 13 although the Sr-O bond lengths are slightly shorter than those previously reported which may be a result of lower coordination number (8 vs. 9) . No evidence for any Sr⋯[BAr F ] interactions was observed, although such interactions were found with the larger alkali metals. 11 The only example of an oxathia-crown complex of barium is in the polymer [Ba{Cu(SCN) 3 ([18] aneO 4 S 2 )}], 15 and previous attempts to use BaI 2 as a metal source failed to result in any complexes. 13 (Fig. 6 ) the first barium complex containing neutral selenoether coordination. The larger Ba 2+ (1.43 Å) compared to 1.27 Å for Sr 2+ (ref. 30) results in an increase in coordination number to nine, composed of the six donor atoms from the heterocrown, two oxygens from the neutral acacH and one MeCN, in a geometry that can be described as distorted tricapped trigonal prismatic. Coordination numbers of 8-10 have been found in complexes of 18-crown-6 with Ba 2+ with similar bond lengths and irregular geometries. 15, 26, 27, [31] [32] [33] The complexes of these heterocrowns with the much smaller magnesium ion (r 2+ = 0.78 Å) were expected to differ from those described above. 2 . Repeated attempts to obtain X-ray quality crystals were unsuccessful, although structures of two hydrolysis products were obtained (Fig. 6) (6), Ca-S1 = 2.943(4), Ca-S2 = 2.935(4), Ca-N1 = 2.461 (7), Ca-N2 = 2.458 (7); S1-Ca-S2 = 145.23(9), S1-Ca-O1 = 67.7(2), O1-Ca-O4 = 87.0(2). (4), Sr-S1 = 3.122(1), Sr-N1 = 2.611(5); O1-Sr-S1 = 63.15 (9) , O2 i -Sr-S1 = 64.4(1), O1-Sr-O2 = 61.8 (1) (6), Sr-N1 = 2.620(4); O1-Sr-Se1 = 65.02 (7) , O2-Sr-Se1 = 65.59 (7) , O1-Sr-O2 i = 61.96 (9) . Symmetry code: (i) −x, −y, −z. were obtained, no doubt due to ingress of adventitious water. The structures are isomorphous ( Fig. 7) and contain κ 3 -crown, one MeCN and two water ligands. The crown is coordinated O 2 S/Se in a mer geometryproviding extremely rare examples of Mg 2+ coordinated to neutral thio-and seleno-ether functions, with cis-diaquo ligands. Hydrogen-bonding is present between the coordinated H 2 O ligands and the remaining O-atoms of the crown. κ 3 -Coordination of 18-crown-6 is present in the five-coordinate [Mg(18-crown-6)( i Bu)-(2,6-t Bu 2 C 6 H 4 O)]. 36 Adventitious hydrolysis of some [M(heterocrown)I 2 ] (M = Ca or Sr) complexes displaced the iodide ligands to give [M(heterocrown)(OH 2 ) 2 ]I 2 13 but κ 6 -coordination of the crown remained. The different behaviour of Mg versus Ca and Sr in these systems may be largely attributable to the smaller size of the magnesium. We note that mixed aqua-crown complexes are also well established for some 3d metals, e.g. 
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